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. 
1. Introduction has been developed by several authors. In these treatments, 
When Prof. H. W. Lerbs and Prof. G. Weinblum asked me 
, prepare a general and broad survey talk on the subject 
Propellers and Propulsion" for this International Sympo- 
,urn in celebrating the Fiftieth Anniversary of Hamburgi- 
,hen Schiffbau-Versuchsanstalt, I was pleased by having this 
pportunity to extend my personal congratulations and to par- 
cipate in this happy event. In view of the fact that this sub- 
,ct has a vast scope containing many special problems which 
ave been under a rapid development, I am fully aware of the 
lallenge to prepare a thorough survey, even with the previous 
the analysis has been carried out to a stage where the laborious 
computation of the final results can best be done by compu- 
ters. Actually, the numerical analysis and computing schemes 
involved in making use of computers have opened up another 
dimension of technology. When well performed, the elegance 
in numerical computation can be just as appealing as a beau- 
tiful'theory itself. The success of such attempts have exerted 
noticeable influence on other areas such as ducted propellers, 
vertical-axis propellers, unsteady propellers, cavitating pro- 
pellers, and so forth. 
vcellent review of the state-of-the-art by Prof. Lerbs (1955a, 
ee Reference). Undoutedl~, my effort would be limited by the 2. Linearized Lifting-Surface Propeller Theory 
hvsical access to the information and literatures not gene- (General Formulation) 
- 
ally available, so I would entitle my talk as "Some recent 
evelopments in propeller theory". 
Use of propellers as a propulsive device has a history over 
00 years. In all forms of transportation the main aim is to 
rice speed; and in achieving speed a primary consideration 
- the propulsive efficiency. This has led to an unceasing effort 
1 theoretical and experimental studies to improve our know- 
xdge and to perfect the technology. The interest has been 
~rther stimulated by many applications where the conven- 
onal propeller is not adequate. 
The basis of modern propeller theory has been laid on the 
~eatise of Betz (1919) and Goldstein (1929) for the impor- 
~ n t  case of optimum propellers. In this case the flow far be- 
ind the propeller can be regarded as that produced by rigid 
railing vortex sheets receding with a constant axial velocity, 
nus reducing the problem to a two-dimensional one. Gold- 
tein's solution then enables one to relate the circulation distri- 
ution of a propeller with a finite number of blades to one 
aving an infinite number. These valuable works have pro- 
ided a solid foundation for the lifting-line theory a s  there 
wists a definite relationship between the flow quantities at 
ine lifting-line and those far downstream. Application of the 
ifting-line theory has subsequently been simplified by the 
duction factor method of Lerbs (1952). 
Further improvements of the propeller theory are strongly 
larked by the exact three-dimensional effects, accounts of 
;hi& were considered either infeasible or impractical only 
decade ago. This picture, however, has been drastically 
hahged with the rising of the high-speed computer era. In 
he last few years a rigorous linearized lifting surface theory 
-
1) This work has been supported by  the Office of Naval Re- 
earth of the U.S. Navy under Contract Nonr-220 (35). 
The lifting surface theories developed recently for calcu- 
lating the steady flow past a propeller having a finite number 
of symmetrically spaced identical blades may be classified 
into two categories : 
(I) Lattice representation - The blade is represented by 
a set of concentrated radial and helical vortex lines. This 
method has been developed by Strecheletzky (1950) (1955), 
Guilloton (1957), Kerwin (1961) and English (1962). As poin- 
ted out by Kerwin (1961), the accuracy of the results depends 
on the lattice spacing chosen for the computation. 
(11) Continuous vortex sheet representation - The blade 
is represented by a system of continuous vortex sheet, con- 
sisting of both bound and free vortices, and the induced velo- 
city field can be derived by the law of Biot-Savart. In an early 
work by Ludwieg and Ginzel (1944), the camber correction 
factor is based on the chordwise rate of change of induced 
down-wash at the mid-chord. Next came the era of high-speed 
electronic computers, which have made feasible much of the la- 
borious computations previously regarded as the principal hind- 
rance. Since then the lifting surface theory has been further 
developed by Sparenberg (1959), Pien (1961), van Manen and 
Bakker (1962), Kerwin (1963), Cox (1961), Nishiyama and 
Nakajima (1961), Yamazaki (1962), and Nelson (1964). The 
effect of the b lade  thickness h a s  been incorporated into the 
lifting surface analysis by Kerwin and Leopold (1963) and 
also by Nelson (1964). In view af the numerous recent con- 
tributions on this subject, it appears highly desirable to have 
a brief review here on the liting-surface theory. The presen- 
tation below follows the work of Sparenberg, Pien, and Ker- 
win. 
The linearized lifting-surface theory for propellers having 
N identical, symmetrically spaced blades is generally based 
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on a small perturbation approximation together with the fol- 
lowing assumptions. 
(i) The flow is inviscid, incompressible, free of cavitation, 
and infinite in extent. The free stream is steady, axially 
directed, and may be a function of the radius only. 
(ii) The blades are thin, their camber and incidence both 
small, so that the points on each blade describe a com- , 
mon helicoidal surface as it moves through the fluid. 
(iii) The lifting pressure field may be represented by a distri- 
bution of bound vortices (over the blade plan form) 
and a trailing vortex system over the helical surface 
downstream of the leading edge. The lift is required 
to vanish at both the outer tip of the blade and at the 
It is also convenient to introduce an intrinsic coordinate 
system (s, n, r) on each of the surfaces HI, = 0, defined by 
so that s measures the arc length along the Hk = 0 surface 
at radius r, and the n-axii completes the right-hand system. 
+ 
For An arbitrary vector q having components (q,, q,, q,) in 
the (x, y, z) system, its components (q,, q,, q,) in the (s, n, 
r) system are given by the orthogonal transformation 
axis. 0 0 
The blade thickness may be represented by adistribll- = 0 sin (6 - Sk) - cos (8 - ?J~)  
tion of source-sink system (over the blade surface) cos (6 - tik) sin (6 -Sk) 
whose strength is proportional to the slope of the thick- 
ness function. This is obtained by first a rotation about the x-axis through 
(iv) The relative velocity (with respect to the blade) for the en angle - (n/2 - 6 + 6k) and then another rotation about 
the radail axis through an angle - (n12 - 6) (see Figure 1). purpose of locating the flow boundary is-determined by 
the free stream and the blade rotation only, the induced 
velocity field being neglected in the first order theory. Let the *-coordinates of the leading and trailing edges be 
(In usual applications, this assumption can be readily (r) and 6T (r). Then the corresponding s-coordinates are 
modified to be applicable to moderately loaded pro- SL 0) and ST ( 4 ,  where on the Hk = 0 surface the s and 9 
coordinates are related by pellers, -see Section 5 below.) 
s = [r2 + A' (r)l1/~ (6 -ak) . The analysis under the above assumptions may proceed as (6) 
follows. The chord of the blade is l (r) = ST (r) - s~ (r) . The blade 
The coordinate systems adopted for this problem are profile can be described by a mean camber line f (s, r), a 
shown in Figure 1. thickness function t (s, r) and an angle of attack a (r). 
A Cartesian coordinate system is fixed on the propeller, 
with the x-axis lying along the axis of revolution, the y-axis 
passing through the tip of one blade, and the z-axis complet- 
ing the right-handed system. A cylindrical system (x, r, 6)  is 
defined by y = r cos 8 ,  z = r sin 6 .  The tips of the N blades 
are located at x = 0, r = R, 6 = Sk, where 
6, = 2 n ( k A 1 )  I N ,  (k = 1 , 2 , .  . .N . ) .  (1) 
In the first order approximation, the streamtubes become 
r = constant; and the relative velocity has an axial compo- 
nent V (r), a function of r, and a tangential component Qr 
at radius r, 8 being the angular velocity of the propeller, in 
radians per second. The helicoidal surfaces traversed by the 
blades are therefore characterized by the advance coefficient 
A (r) , or the advance angle 0 (r) , as defined by 
2a. Induced Velocity due to a Distribution of Bound 
and .Free Vortices 
Leaving the effect of blade thickness to be accounted for 
later by superposition, the effect of camber and incidence of 
each blade can be represented by a vortex sheet having a 
+ 
&stribution of vorticity vector y lying in the helicoidal snr- 
-+ 
face behind the landing edge. Over the blade surface, y has 
a radial component yl,, which is taken to be the bound vor- 
tex, and a streamwise component y, along the s-axis, which is 
the free vortex component. On the trailing helicoidal surface 
+ 
(s > ST (r)) , y has only the y, component. The induced velo- 
city field depends on both yb and y,, whereas the pressure dif- 
ference across the blade surface, according to thelinear theory, 
is 
AP (r, *) = eo v, (r) YI, (rl 6) = (7) : 
= Q, V (r) {[rZ + A' (r)]'12 1 A (r)) y ~ ,  (r, 6) 
where eo is the fluid density, V, the resultant relative velocity. t 
By the principle of conservation of vorticity, we have 
-+ 
div y = 0, or I 
which yields, upon integration, 
A (I-) = " , 6 (r) = tan-' 
BR Q r - 
yb (r, 6) 1/I3 + AS (r) d6 (.6 > BL (r)) . 
The of the helicoidal surface is P (r) = 2 n h (r) . For 
simplicity the propeller disc radius R shall be normalized to *L(T) (9) 
unity. Consequently the helicoidal surfaces can be approxi- In general, y, has a jump at the leading and trailing edges 
mated as because of the dependence of 6' and on i; these jumps 
Hk (x, r, 6) = x - A (I) (8 - Sk) = 0, (k = 1,2, . . . N.) . (3) have already been taken into account in (9). 
i 
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Figure 2 
For a given distribution of bound vortices over the blade 
,urfaces, the induced velocity field is given by the Biot- 
savart's law (see Figure 2) 
J J 
'hub ~ I . ( Q )  
where 
-+ - 
-+ e,k X Rk 
GI, (x, '9 8; e, (P) = 2 
k = 1  4 n R k S  
(10) 
When the velocity at the blade surface is evaluated, the above 
integral is interpreted by its Cauchy principal value. 
Similarly, for a given distribution of free vortices over the 
blade surfaces and the trailing helicoidal surfaces the induced 
velocity fields is 
m 
where 
esk = ---- (A (e), - e sin cpl;, e cos vk), I/ez + hZ (el 
+ 
and Rk,  s have the same expressions as before. The distribu- 
tion of free vortices y, can again be expressed in terms of the 
bound vortices yh by nsing 
in which S (cp) denotes the Dirac delta function. The first term 
represents the contribution of the trailing vortices orginated 
from the blade surafce, while the second term represents the 
trailing vortices sprung from the leading and trailing edges. 
2b. Induced Velocity due to Blade Thickness 
The effect of blade thickness has been incorporated into the 
linear propeller theory by Kerwin and Leopold (1963), and 
Nelson (1964), by introducing a source-sink system distri- 
buted over the blade plan-form on the helicoidal surfaces 
Hk = 0, yielding the induced velocity field 
where 
and the source strength o (Q, cp) is, by the usual linear appro- 
ximation, 
at  V(U) at  
o (e, cp) = V, (e) --- = ------- - 
a s  sin p ( Q )  3s 
t (s, r) being the thickness function of the blade. 
2c. Application of Boundary Conditions; thelntegral Equation 
By superposition, the velocity component normal to the first 
blade surface is 
qn (r, 8 )  = qnh (r, 8) + qnt (r, 6)  + qns (r, 8) , (15a) 
with 
qnt (r, Q) = (" a T (r, 8 ;  Q, cp) dcp , (15c) 
'h *I.(") 
in which B (r, 8 ;  Q, cp), T (I, 8; e, q) and S (r, 8 ;  e, cp) are re,- 
+ -+ 
spectively the n-components of GI, (x, r, 6 ;  e, cp), Gt (x, r, 8 ;  
.+ 
Q, cp) and G, (x, r, 6 ;  e, cp) evaluated on the first blade in 
-+ 
question, i. e. x = h (r) Zf . Resolution of G into the n-axis is 
readily achieved by nsing the orthogonal transformation (5). 
Further application of this linear theory depends on the 
type of problems, which may arise in the following categories: 
(i) D e s i g n  p r o b l e m  - to determine the shape of the 
blade sections for prescribed plan form (aL (r), 8~ (r)), 
vorticity distribution yb (r, 8 ) ,  and thickness function 
t (r, 19) . 
This problem is the most straightforward. Since the 
strengths of the singularities are all known, q, is readily 
obtained from (15) by integration; the section shape is 
then deduced by integration of the slope. Because of the 
helical geometry and neighboring blades, the section 
mean line is affected by vortices as well as the blade 
thickness - this is not true for a solitary planar lifting 
surface in an infinite fluid. 
i 
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(ii) I n  v e r s e p r o b 1 e m  - to determine the load distribu- 
tion for a given blade shape and plan-form. 
This more complicated problem arises when a propeller 
operates at other than design condition. Since the initial 
radial and chordwise load distributionsareunknown, (15) 
gives an integral equation for their determination. An 
alternative collocation method has been suggested by Ker- 
win (1963), which seems very efficient since it reduces 
the problem to a compound of problems of the first type. 
- The essential idea is to decompose the unknown load 
distribution in a double summation of known chordwise 
and radial modes, the normal velocity induced at  a set 
of points on the blade surface by each mode can be 
determined as before, and the unknown amplitudes of 
these modes then determined by collocation. 
The above presentation of the theory facilities the sub- 
sequent discussions of various theories developed by different 
authors, they differ from one another by further simplifying 
.. 
assumptions and detailed methods of calcuIation. With the 
general view already evaluated, it becomes relatively clear to 
see as to where each specific theory lies in the present state of 
our knowledge. 
3. Lifting-Line Theories 
In order to deduce the lifting-line approximation from the 
above lifting-surface theory, we introduce the following de- 
composition of qnt 
qnt (r, 6) = qnt ('1 (r) + qn,") (r, 6) , (16a) 
To (r, e) -- T (r, 0; e, 0) , OW 
qnt(') (r, 6) = 
1 *T(e) 
in whim r (e) arises from the integration 
J -- a~~ (@. 'PI dcp = - -- y,, (Q, cp) ,I$ + h2 (p) dcp S a'P de 
*I.(@) *Ll@) 
upon using (12), so that r (e) is the total circulation around 
each blade at  r = Q . 
The usual lifting-line approximation for thin propellers is 
based on the assumption that qnt(') and q,, may both be neg- 
lected so that 
qn (r, 6) qnb (r, -6.) + qntcO) (r) , (17) 
and furthermore, qnb (r, 6) may be approximated by the two- 
dimensional theory for the sections at  the particular radius in 
vestion. The latter approximation is usually referred to as 
the "strip theory". These assumptions, however, are valid 
only for blades of large aspect ratio. 
We now review some of the lifting-line theories which have 
played a significant role in the development of the propeller 
theory. . 
> 
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G o l d s t e i n ' s  t h e 6 r y  
In its original version due to Goldstein (1929), this theor), 
applicable to a propeller having a zero hub diameter and with 
the optimum circulation distribution, determines the potential 
flow past a set of rigid helical membranes. This important 
work laid the foundation in relating the circulation distribution 
of a propeller with a finite number of blades to one having an 
infipite number. From this theory the relation between the 
optimum circulation r (r) and the tangential component of the 
induced velocity vt can be expressed as 
NI' (r) = Y. 2 n r (2 vt) (18) , 
where N is the number of blades, the factor x is a function of ' 
h and r only. The quantity 2 n r (2 v,) may be regarded as the 
optimum circulation for infinitely many blades which produ- 
ces the same axial induced velocity as the propeller in 
question. The problem of the induced velocity by helical vor- 
tices has also been treated by Kawada (1936) and Reissner 
(1937). 
Goldstein summ,ed the infinite series representing the poten- 
tial with approximations for the coefficients for the advance 
ratio up to h = 0.5. These approximations introduces small 
errors for small h but the error increases with increasing ).. 
More accurate evaluations for larger values of h have been 
given by Kramer (1938) and Tachmindji and Milam (1956). 
Goldstein's theory has been subsequently generalized to 
moderately loaded optimum propellers by taking the induced 
velocity into account in approximating the hydrodynamic pitdl 
angle. The factor x and the induced pitch angle for such case 
has been calculated by Kramer (1938) and Tachmindji (1956) 
based on Goldstein's theory. The effect of finite hub has been 
treated by McCormick (1955, without requiring the circula- 
tion to vanish at the hub), by Tachmindji (1957, with the cir- 
culation vanishing at the hub), by Schultz (1957), and sub- 
sequently extended by Mercier (1962). This theory has often 
been used as a guiding calculation formon-optimum propellers. 
L e r b s '  I n d u c t i o n - F a c t o r  M e t h o d  
To facilitate the calculation, in particular of the Cauchy 
principal value of the integrals involved, Lerb (1952) has in- 
troduced the method of induction-factors, which amounts to 
factoring the singular part of To (r, Q )  in (16b), so that the tan- 
gential and axial component, vt and v,, of the induced velo- 
city evaluated at the lifting line can be expressed as 
- 
and an analogous equation for i , ,  where r is the dimension- 
- 
less circulation defined as r = r 12n RV. The factors it .  i, 
. . .. 
depend on r, e, the number of blades, and the constant pitch 
angle f i  only, and are independent of the load distribution. 
Therefore they represent the effect of a purely geometric na- 
ture, and can be calculated once and for all over a useful 
range of fi. These factors have been calculated by Lerbs (1952, 
1955) in an analytical manner, and later by Morgan (1957) 
and Wrench (1957). By using some highly accurate asymptotic 
approximations to several series involving the modified Bessel 
functions, which are expressed in terms of only elementary 
functions, Wrench has been able to greatly reduce the nume- 
rical computation involved. 
The induction factors i,, it, as well as the radial compo- 
nent i, have also been calculated by Stresheletzky (1950,1955) 
#,y stepwise integration of the fundamental equations in the 
.treamwise direction. These results can be used for estimating 
,he contraction of the slipstream and the variation of the pitch 
of the helical surface, as used by Streschelezky for a lifting-. 
.urface approximation. 
For further primary exploration and discussion of the 
,lethod of calculating the induced velocity reference may be 
,nade to Moriya (1933, 1936), Schubert (1940). 
4. Lifting-Surface Theories 
The development of the lifting-surface theory is a rather 
,ecent endeavour, primarily because precise and extensive 
omputations involved in applications of such theories ap- 
;eared to be infeasible before the high-speed computer era. 
Even with a high-speed computer, the numerical calculation 
, 3  by no means trivial and simple, as reported by various 
luthors. In fact, use of high-speed computers often introduces 
Inother dimension of technology - i. e., to devise the most 
4ective and simplified method of calculation to aid our pur- 
11ose. 
Before we discuss various specific theories, perhaps it is 
'loteworthy to consider a particular case for which the basic 
,eatures of the solution can be readily derived from the gene- 
la1 theory. First, if h is a constant (generally a good assump- 
 on), then the fundamental solutions B, T and S can be seen 
o depend on cp and 6 only in the combination of y = (p -6. 
~'urthermore, we note that 
B (r, e, 14, TI (r, e, 1.4 = T (r, e, P) - To (r, e) . S (I, Q, P) 
(21) 
ire all odd functions of p. 
In addition, if the blade plan-form, chordwise load distri- 
Iution, and blade thickness are all symmetric about the line 
.t = hl, through the blade tip, then it can be shown (see, e. g., 
Kerwin (1963)) that 
qnb (r, o), qnttl) (r, 8) are odd in 6; q,, (r, 8) even in 6 .  (22) 
rherefore it can be concluded that 
(i) a propeller of zero thickness with symmetrical blade 
outline and load distribution needs no incidence cor- 
rection to the lifting-line theory (which is determined 
by qnt(o) alone), the lifting surface effect produces sole- 
ly a camber correction in this case; 
(ii) the effect of blade thickness may give rise to an addi- 
tional pitch correction, but cannot induce a net camber. 
Though these conclusions no longer hold without the assumed 
.ymmetry they can nevertheless be used for qualitative esti- 
mates. 
Now we review below some of the recent development of 
!ifting surface theories : 
T h e  T h e o r y  of L u d w i e g  a n d  G i n z e l  
In estimating the lifting-surface effects according to the 
,heory developed by Ludwieg and Ginzel (1944), and extended 
11y Ginzel (1955), both the induced downwash and its chord- 
wise variation are regarded to be important since the camber 
in curved flow is less effective than in straight flow. The down- 
wash variation gives rise to the camber correction according 
to the relation 
fgeom = feff + find = Ic feff (23) 
where fge,, is the geometric camber at the mid-chord of the 
blade, fetf is the effective camber associated with a local two- 
dimensional profile characteristics (for the same load distri- 
hution), find is the induced qamber, and k (or its inverse by 
some authors) is called the camber correction factor. Ori- 
ginally, the effective camber is determined for circular arc 
camber line with shock-free entry of flow at the leading edge 
(a design condition) so that the sectional lift is due to the local 
section camber only (the corresponding chordwise circulation 
distribution being then elliptical). With some approximations, 
the streamline curvature at the mid-chord is computed from 
the rate of change of induced downwash at that point, and is 
in turn related to the geometric camber. Thus, the factor k 
has been determined for a few plan forms and blade numbers 
with a prescribed spanwise load distribution. These results 
have been utilized in earlier pratical applications with a cer- 
tain amount of interpolations for new cases. For sometime 
this was the only available means for estimating the flow cur- 
vature correction. 
The case of optimum propellers with constant pitch and 
finite hub was subsequently treated by Cox (1961). 
L e r b s '  M e t h o d  f o r  P i t c h  C o r r e c t i o n  
An approximate estimate of the pitch correction factor was 
proposed by Lerbs (1955b) assuming that the bound vortex 
is concentrated at the quarter-chord point and the boundary 
condition is satisfied at the s/4-chord point. Application of this 
Weissinger approximation for a lifting wing to the propeller 
problem thus offers a simple method for determining the pitch 
correction arising from the lifting-surface effect. 
S p a r e n b e r g ' s  L i f t i n g - S u r f a c e  T h e o r y  
Sparenberg (1959) started from the basic equations of 
hydrodynamics and derived the integral equation for a distri- 
bution of bound vortices representing the propeller blades. His 
result is in complete agreement with the formulas previously 
presented here (aside from some change of notations). An 
equivalent expression, also in an integral equation form, has 
been derived by Sparenberg when the bladei are represented 
by a distribution of pressure dipoles. These two expressions 
are equivalent, but the numerical computations involved in 
using them differ to some extent. 
Both results of Sparenberg's theory have been adopted by 
van Manen and Bakker (1962) in systematic calculations, 
using the digital computer X 1, for symmetric blades and pres- 
sure distributions. The results give camber correction factors 
and pitch corrections for different pitch ratios, number of 
blades, chord-diameter ratios, and three types of radial load 
distributions. For the details of the computing program, the 
reader is referred to the original paper. 
The numerical results are in conformity with the general 
features pertaining to the case of symmetric blade outline 
and chordwise distribution. A representative result is the radial 
distribution of the camber correction factor k arising from 
the lifting-surface effect. It  is shown that the factor k is con- 
stant along the chord. In general, the factor k decreases with 
increasing number of blades and with decreasing chorddia- 
meter ratio. 
P i e n ' s  T h e o r y  
In Pien's development (1961) of the lifting-surface theory, 
the same result as presented here was obtained. The induced 
mean line at any radius is derived from the down-wash at a . 
sufficiently large number of points along the +ord. Based on 
this theory a new propeller design method has been developed. 
The numerical work involved in this design method has been 
programed for the high-speed computer IBM 709 for a special 
case of uniform chordwise load distribution. .Two design 
examples have been given, one with a spmmetrical blade, the 
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other a skewed blade. It is generally regarded that Pien's 
method produces reliable result for applications. The cor- 
responding experimental verification will be presented in the 
future. 
K e r w i n ' s  T h e o r y  
Kerwin (1963) has successfully incorporated the thickness 
effect into the lifting-surface theory. For the propeller design 
problem a computer program has been furnished for cal- 
culating the velocity field at a sufficiently large number of 
points over the entire blade. Furthermore, with the help of this 
program, it becomes possible to design tandem propellers and 
a better determination of the velocities for counter-rotating 
propellers than what we have had in the past. (I have been told 
that a complete paper on these works will be presented by 
Kerwin at the SNAME meeting in November.) 
Recently, both the work of Kerwin and of Pien on lifting- 
surface and thickness corrections have been applied to prac- 
tical. propeller designs. For some of the experimental checks 
' 
already made at DTMB (private communication of '8. B. Mor- 
gan), the results have shown that these corrections obtained 
for the case of load distribution corresponding to the NAC-4 
a = 0.8 meanline are satisfactory. 
G u i l l o t o n ' s  V o r t e x - L a t t i c e  T h e o r v  
A vortex-lattice method, similar to that developed by Falk- 
ner for wings, has been employed by Guilloton (1957) to 
approximate the lifting-surface effect in propeller theory, the 
technique being simple enough for direct applications in par- 
ticular cases. According to this method the bound vortex 
system is replaced by 5 concentrated radial vortex lines, at 
20' apart, and each radial vortex line is divided into 5 steps. 
The circulation strength of the vortex line in each segment is 
assumed to be constant, proportional to the local distribution 
of bound vorticity, thus giving rise to six concentrated free 
vortices trailing on the helical surface. The induced velocities 
at these 30 points bas been calculated and results tabulated 
by Guilloton for 0.416 <1< 1.25 for a three-bladed pro- 
peller. These tabulated results facilitate applications for indi- 
vidual cases. However, because of the fixed number of blades 
and fixed dividing angle between radial lines, other cases have 
to be calculated anew. Some results by using Guilloton's 
method have been compared with other theories by Johnsson 
(1962) ; a typical one is the camber correction factor. 
T h e  V o r t e x - L a t t i c e  T h e o r y  of E n g l i s h  
An improved, more flexible, vortex-lattice method has been 
formulated recently by English (1962). By this lattice pattern, 
the radial vortex distribution is divided into 20 steps and 
each radial strip into six equally spaced radial vortices. The 
radial steps narrow down towards the blade tip to achieve a 
higher accuracy. This vortex system is located on helical sur- 
faces with the pitch corresponding to the final hydrodynamic 
pitch of the propeller. The latter is determined by the lifting- 
line consideration for optimum, moderately loaded propellers. 
The camber correction factor has been calculated by Eng- 
lish for two specific propellers. 
For not too heavily loaded cases, however, the so-called 
"moderately loaded" assumptions are particularly simple to 
epply and they keep the methods of solution for the lightly 
loaded case virtually intact. These assumptions, as discussed 
in detail by Lerbs (1952), are as follows: 
(i) the effect of the radial velocity is negligible so that the 
streamlines remain on their own circular cylindrical 
sprface; 
(ii) the distortion of the streamline due to the axial and 
tangential perturbation velocities can be approximated 
by the final hydrodynamic pitch determined by the lift- 
ing-line consideration. 
Figure 3 
Thus, referring to Figure 3, we define the hydrodynamic pitch 
angle Pi (r) and the hydrodynamic advance coefficient hi (r) by 
tan pi (r) = + (') , hi (r) = r tan pi (r) Qr - vt (r) (24) 
where v, and vt are v, = qXio) and vt = - q*"') in the pre- 
ssnt notation, they are denoting the magnitude of the axial 
and tangeniial induced velocities at the lifting line in the 
frawework of the lifting-line theory. They can be determined 
by using Kramer and Tachmindji charts or by using the in- 
duction-factor method of Lerbs. Thus, all the calculations 
for the lightly loaded case can be adoptedlfor the moderately 
loaded operations, simply by replacing A by hi . 
Further improvement of v, and vt,  such as by an iteration 
scheme, is perhaps not necessary, since the higher-order 
effects so obtained may not be more important than the heavi- 
ly loaded effects which are still being neglected. 
6. Heavily Loaded Propellers 
When the loading on a propeller becomes sufficiently heavy, 
the problem is characterized by the following effects, which 
may no longer be negligible, 
(i) slipstream contraction and distortion, 
(ii) radial pressure gradient, 
(iii) effect due to finite number of blades, i 
(iv) solidity, or the chord-diameter ratio. 
'The first two effects, so far neglected for lightly loaded, and 
even for moderately loaded propellers, become pertinent to 
the heavily loaded case. They may arise also in the problems 
of compressors and turbines when load is heavy. Though the 
last two effects are common features to ~ r o ~ e l l e r s  of all load- 1 
- - 
ings, it is not certain if the evaluation of these effects made 
5. Moderately Loaded Propellers for the lightly load case will need further corrections. 
A higher accuracy in propeller calculation can be achieved In the previous investigatiofis of heavily loaded propellers, 
if the sources and vortices representing the blades are distri- the problem has mostly been formulated as a potential flow 
buted over the blade surfaces and if the trailing vortices fol- problem as a further extension of moderately loaded propel- 
low the actual streamlines. However, both these two steps of lers. Betz and Helmbold (1932) first considered the effect of 
improvement give rise to nonlinearity since the singularity slipstream contraction and radial pressure gradient on the 
strength depends on the local velocity, both this and the loca- performance of a n  infinitely-bladed propeller. This theory has 
tion of the trailing stream surface are not known in advance. been further extended by Lerbs (1950) to heavily loaded pro- 
i 
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lers of a finite number of blades, using a modified lifting- 
theory. 
different approach to determine the effect of arbitrary 
,stream contraction has been developed by Wu (1962); 
. method may serve as an independent means to supple- 
,t the existing theories. In order to obtain an axial sym- 
ry of the flow, the propeller is approximated by an actua- 
disc. With respect to a cylindrical coordinate system 
it, z) fixed in the space (see Fig. 4), the flow velocity 
7. Ducted Propellers ' 
The problem of ducted propellers has drawn recent inter- 
.est both in aeronautics and in naval hydrodynamics. By adding 
a duct or shroud to a propeller one can produce a' thrust on 
the duct and increase the Aow rate through the propeller, 
especially in hovering flight. For the same thrust on the duct- 
propeller system the propulsive efficiency can be increased 
with the floiv rate, particularly for heavily loaded propellers. 
Furthermore, the decrease in loading on the propeller blades 




velocity q and coordinates r, z will be normalized with 
pect to free stream velocity V and disc radius R. The kine- 
iics is then fully described by Y and the tangential velo- 
v. By the conservation of angular momentum, (vr) is an 
.itrary function of Y inside the slipstream. Then the tan- 
ltial component of vorticity yields a partial differential 
lation for y: 
ere h = VIPR, the advance coefficient, and E,  = 1 inside 
slipstream and E,  = 0 otherwise. This nonlinear differen- 
equation can be converted into a nonlinear integral equa- 
1 for the perturbation stream function q = 'P - r2/2 as 
lows 
(r, z) = r SS G (r, e; - t) g (e, t; II, (e, I;)) de d t  (27) 
D (r, 2 )  
ere D (r, z) denotes the domain of the slipstream, which 
~nknown i priori, 
Di) 
which Jl (z) .is the Bessel function of the first kind, Qr (z) 
Legendre function of the second kind. 
rhe above integral equation has been solved by an iteration 
xess. Starting from the lightly loaded solution q,, (I, z), and 
rlce with a known domain Do (I, z), and substituting them 
the right side of (27), we obtain the first order solution 
(I, z). Using q1 in the integral of (27) again yields q2 (r,z), 
d so forth. The detailed numerical calculation has been pro- 
imed for the computer IBM-7094, and a few typical eases 
being carried out to exhibit the effect of heavy loading. 
> 
At an incidence, the interaction between the duct and pro- 
peller can generate a larger lift and thrust than that on the 
seperate duct and open propeller combined. This significant 
feature makes it an attractive device for use in hovering flight 
and vertical take-off vehicles. 
The interest in the above fields has led to various experi- 
mental and theoretical investigations. Experimentally the ad- 
vantages of ducted propellers were demonstrated in 1931 by 
Stipa in Italy. Earlier theoretical investigations have made 
use of the ring airfoil theory developed by Dickmann (1940) 
and Weissinger (1955), and the representation of the propeller 
bv an actuator disc. A rather recent review of these ex~er i -  
mental and theoretical activities has been given by van Manen 
(1957), and by Sacks and Burnell (1962), the details of which 
will not be repeated here. 
Because of the analytical complexity, accurate lifting-line 
theory has been developed only recently for ducted propellers 
(sucli a task would seem infeasible in pre-computer days). A 
three-dimensional theory of ducted propellers has been for- 
mulated by Ordway, Sluyter and Sonnerup (1960) based on 
the vortex theory for the propeller of finite blades and the 
thin ring-wing theory for the duct. The general harmonic solu- 
tions of this problem have been given subsequently by Ord- 
way and Greenberg (1961). Another theory has been deve- 
loped by Morgan (1961, 1962) based on the lifting-line pro- 
peller theory and a linearized ring-airfoil theory. Here the 
analysis of the ring-airfoil of an arbitrary shape (in camber, 
thickness and annular incidence) includes the effect of inci- 
dence of the axis. In the lifting-line calculation of the ducted 
propeller the method of Lerbs' induction factor has been 
adopted. Both the design and inverse problems are treated. 
The numerical program of this theory is being completed for 
future applications (Morgan, private communication). 
Also recently, the static and dynamic stability derivatives 
of a ducted propeller have been evaluated theoretically by. 
Kriebel, Sacks and Nielsen (1963). In this investigation the 
ducted propeller is represented by a uniformly loaded actua- 
tor disc ducted in a short, straight, thin ring airfoil. Experi- 
mental observations have shown that flow separation is gene- 
rally present a t  the duct leading edge. 
8. Unsteady Propeller Theory 
I t  is hardly necessary to emphasize the importance of the 
unsteady flow effects on propeller operations as it is inevitable 
to encounter various circumstances characterized by un- 
steadiness. These circumstances m_ay arise from unsteady, as 
well as non-uniform, free stream, such as in waves and in 
wakes behind obstacles, from the presence of asymmetric 
boundary, from dynamic vibrations, etc. The main purpose in 
applications is the prediction of the induced vibratory forces 
on the propeller itself as well as on nearby bodies. Such stu- 
dies are pertinent to hull vibration and other hydroelastic in- 
stabilities, material failure, and underwater acoustics. 
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Earlier, theoretical investigations have been performed for In the early development of contra-rotating propellers, 
unsteady rotating wings of an infinite number of blades by drastic simplification was introduced by assuming that the 
Tirnman and van der Vooren (1957), Loewy (1957), and-Isay fore- and aft-propellers act as two single propellers. Later the 
(1958). The effect of finite number of blades was evaluated by method of induction-factors was developed by Lerbs (1955~) 
Ritger and Breslin (1958) by a strip theory, using Sear's for contra-rotating propellers. Lerbs' theory has been sub. 
two-dimensional response function for the sinusoidal gust. sequently extended to formulate a design method by Morgan 
However, comparison with experimental results by Tsakonas (1960). This problem has also been treated by va,, Manen 
and Jacobs (1961) shows that the strip theory is inadequate and Sentic (1956), who have made a comparison between the 
for unsteady marine propeller, despite the use of semi-empiri- optimum efficiencies of conventional screws and contra-rotat. 
cal correction factors to account for the three-dimensional ing propellers consisting of two three-bladed screws. This work 
effects. has been continued to investigate a system of contra-rotating 
In search of more realistic approximations for the unsteady propellers having a four bladed fore-screw and a five bladed ' 
propeller problem, Shioiri and Tsakonas (1963) developed a aft-screw - a configuration expected to be superior in mutual 
three-dimensional theory with the appIication of the Weissin- interaction and induced vibrations. It may be mentioned here 
ger's lifting surface approximation (originally for the steady that in these treatments the induced velocity evaluated at  the . 
case), use of which reduces the surface integrals into line inte- fore- and aft-propeller blades are approximated by the time 
grals. As a modification of the Weissinger method, the chord- average value, whereas in reality, to be strictly speaking, it is 
wise boundary conditions are satisfied by a weighted average an uhsteady lifting surface flow problem. A recent treatment 
. ov%r the chord. Compared with the experimental measure- of this problem has been given by Zwirk (1962) using the un- 
ments, the modified Weissinger method appears to be a con- steady three-din'ensional vortex theory. 
siderahle improvement over the strip theory. A similar treat- 
ment has been given by Yamazuki (1962). 
10. Vertical-axis Propellers 
An unsteady lifting-surface theory has been formulated by 
Hanaoka (1962) by means of Prandtl's acceleration potential Among the propellers having special advantages in ma- 
from which the velocity potential can be derived. The boun- noeuvering, the vertical-axis propeller (Voith-Sclmeider type) 
dary-value problem is expressed in terms of the singular inte- plays an important role; it has found wide applications on 
gral equation relating a prescribed downwash distribution to river and lake vessels. The literature on this subject is quite 
an unknown lift distribution for oscillating blades. This deve- extensive. Some earlier developments in the design and appli- 
lopment has been carried out to the stage for detailed nume- cation of the vertical-axis propeller have been reviewed by 
rical calculation of the kernel function. Mueller (1955). More recent investigations of this type pro- / 
pellers have been carried out in Germany by Isay (1955, 1956, 
More recently, Tsakonas and Jacobs (1964) have solved the 1957, 1958), in Japan by Taniguchi (1944, 1950, 1960), in 
surface integral equation for a mathematical model in which U. S. by Haberman (1961, 1962), Nakonedny (1961), and in 
1 
the chordwise loading is taken to be the flat-plate distribution Holland by Sparenberg (1960) and van M~~~~ (1963). 1 
(the first term of Birnbam's distribution) together with use 
of Glauert's integral operator, which amounts to satisfying the The method proposed by Taniguchi for computing the per- 
chordwise boundary conditions by a weighted average. This formance characteristics of vertical-axis' propellers is based 
model has been shown to be a further improvement over the on the approximation of the real motion by a quasi-steady state 
Weissinger model, especially for large reduced fie- with furter simplifying assumptions (of a semi-empirical na- , 
quencies. From the results the authors conclude that the three- ture) for estimating the induced velocity. This method has 
dimensional effects decrease with increase in frequency, in been employed by  berman an to determine the performance 
pitch, and in aspect ratio. characteristics of several propellers with semi-elliptic blades r 1 in cycloidal blade motion, yielding results in satisfactory . 
At the 1963 Annual Meeting of the Schiffbautechnische Ge- agreement with the experiments. A series of experimental in- 
sellschaft in Hamburg, Skhwanecke (1963) presented a Paper vestigation has been carried out by Nakonechny (1961). The 
on unsteady propeller motions caused by unsteady incoming problem of minimum energy loss of a vertical axis propeller 
flows as well as by vibrations of the propeller shaft. has been treated by Sparenberg, and the relevant experiments 
have been performed systematically by van Manen (1963) who 
also made an extensive studies on the cavitation characteristics 
9. Contra-rotating Propellers of the blades, particularly in the high-pitch and high speed 
range. 
In  selecting the propulsion system to meet the ever-increas- An extensive theoretical investigation of the vertical-axis 
ing demand for larger bulk and higher speed of ships, appro- propellers has been developed by Isay in a series of papers. 
priate considerations must be given to the problem of cavita- Some discussions of these papers have been given by Haher- 
tion and propeller-induced vibrations in addition to the re- man and Caster (1961), and by Sparenberg (1960), and from 
quirement for an optimum efficiency. Recent studies have indi- an experimental view-point by ~ ~ k ~ ~ ~ c h ~ ~  (1961). 
cated the trend of increasing cavitation and propeller-induced 
vibrations and decreasing propulsive efficiency with higher 
and higher shaft horsepower absorbed by conventional Pro- 11. Supercavitating and Ventilated Propellers 
pellers. The urgent need to meet the aforementioned require- 
ments have stimulated interest in the contra-rotating (or coun- As higher speeds are strived for, the cavitating flow regim 
ter-rotating) propellers and tandem propellers besides the eventually becomes unavoidable. It is well known that th 
conventional screw and shrouded propellers. In this respect efficiency of a conventional propeller, designed for noncavl- 
contra-rotating propellers have several advantages: (i) reduc- tating operations, decreases rather rapidly. after the ons 
tion of rotational energy in the slipstream; (ii) lower loading of cavitation, causing great loss of power. With a keen in- 
per blade (or smaller optimum diameter); (iii) more stable sight, Lerbs and Alef (1957) have observed an interesting 
torque balance. All these features are in favor of meeting the camber effect for cavitating hydrofoils; this feature was ex- 
basic requirements. tracted from the results of Tulii (1955) and Wu (1955). It is 
1 
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his consideration that has put the prospect of supercavitating solid foundation being laid somewhat forty'years ago. Some 
propellers under a more favorable light, thus setting the stage of these recent advances have come from new ideas and con- 
lor entirely new approach to the design of supercavitating cepts, such as the supercavitating and ventilated propellers. 
,,ropellers (henceforth abbreviated as SC propellers). ' From this acquired knowledge it is not difficult to find the 
areas in which important contributions are still to come. I 
Since this problem involves an additional parameter, the would like to venture to list here just a few topics which I 
~avitation number 0, which adds much complexity to experi- think may reward further efforts: 
,nental endeavors, the linearized cavity flow theory, due to 
rulin (1953), as well as the nonlinear theories, played a signi- 
licant role in the preliminary investigations, which led to initial 
-uccess. These activities soon drew more attention and gained 
,nomenturn at DTMB. Through a series of analytical and ex- 
perimental studies, an early design method was given by Tach- 
~nindji, Morgan, et el. (1957). These developments are well 
.overed in a review by Venning and Haherman (1962). Some 
of the important results include (i) the most favorable operat- 
ing region, in terms of the advance ratio h and the cavitation 
!lumber a, has been determined, (ii) dependence of the thrust 
. and tMque coefficients and the efficiency on h and a bas been 
.ystematically ascertained, (iii) agreement between theory and 
experiment is not uniformly satisfactory, (iv) the thin leading 
~>dges recommended by the design consideration suffer from 
weak material strength and flutter. 
The interest in SC propellers soon spread to other labora- 
~ories, universities, and countries. As an outcome, there has 
heen produced a literature so rich that it would call for a 
~eparate review. 
In order to achieve or to maintain the design performance 
of a SC propeller at lower speeds, the idea of ventilated pro- 
pellers (by ejecting a foreign gas, or a gas-water mixture, 
from the blades) has been introduced. This problem has been 
explored by Morgan (1959) and Hecker (1961) at DTMB. 
Important contributions on ventilated propellers have also 
been made by Hoyt (1962) and Roberts (1961) through a 
5eries of investigations at the Naval Ordnance Test Station 
(NOTS) at Pasadena, California. These research studies are 
closely related to a parallel effort made by Lang (1959), 
Lang and Daybell (1960) on base-vented hydrofoils, also at  
NOTS. It  has been shown that when the cavity is fully deve- 
loped in both SC and ventilated propellers, the two types vir- 
tually have the same performance, based on the same cavi- 
tation number. Furthermore, it is indeed possible to effec- 
tively extend the supercavitating operation to a lower speed 
range by ventilation. 
In .this connection a recent Soviet contribution by Bavin 
~ n d  Miniovich (1963) 7 on the interaction between the hull 
and a SC propeller has attracted some attention. Experimen- 
tal results there indicated a decrease of induced velocity (be- 
coming negative, as was also observed by Posdunine in an 
earlier Soviet work) in front of a fully cavitating or ventilated 
propeller, and it was also indicated that the thrust decuction 
tends to zero when the cavity becomes sufficiently long. This 
problem has been recently investigated by Nelson (1964) 
using a theory of infinitely-bladed propeller. By studing 
theoretically a 3-bladed fully cavitating propeller and a set of 
parallel experiments, Beveridge (1964) has shown that the 
thrust deduction due to a SC propeller may indeed become 
zero. 
12. Conclusion 
Thus I have gone through a brief survey of the active and 
rich field of the propeller theory. It  is gratifying to see numer- 
ours fruitful developments achieved in the last decade, after the 
2) I am indebted to Dr. J .  W. Hoyt for btingtnv this problem 
to my attestion. 
(a) The dependence on scale of wake fraction, thrust deduc- 
tion fraction, propeller efficiency in laboratory and in 
open water. 
(b) supercavitating and ventilated propellers still have 
quite a future, especially the ventilated, which offers 
many advantages. The important problems are the lift- 
ing-surface and cavity-thickness corrections. 
(c) Wall effect in water tunnel experiments with propeller 
models, especially for the supercavitating case. 
(d) Developments in non-uniform flow investigations, both 
theoretical and experimental, are very important in 
applications. 
(e) Scaling of cavitation effects on ship and model propel- 
lers. 
(f) Vertical axis propellers. 
(g) Problems of propellers in unsteady motion. 
In connection with the applications of propellers in various 
manners of transportation over land, sea and through air, I 
would like to make reference to the famous chart of Gabrielli- 
Karman (1950), in which the lift-drag ratio is plotted versus 
speed. In this chart (with horse and pedestrians included for 
comparison) you will see that many types of vehicles employ 
propellers of different kinds for propulsion. The effectiveness 
of various modes of travel depends not only on the efficiency 
of the propulsive device used, but also on the basic nature 
of the vehicle, such as sliding; rolling, floating, lifting, or jet- 
propulsion, etc. Improvements made for the propulsion unit 
should certainly make the vehicle more a;tractive. It is of 
significance to note that it is by improving the propulsion de- 
vice and reducing the drag the original limiting line of 1950, 
which supposedly confined the known world of transportation, 
has been promoted to 1960; and extrapolated to 1970 line. 
The impressive performance in the past thus tend to pro- 
mise more future success that is calling for our continued 
effort and dedication. . 
Finally, I wish to extend my hearty congratulations to 
HSVA on this memorable occasion of its 50th Anniversay, 
for its brilliant contributions in the past, and anticipated 
success in the future. Many happy returns! 
I would like to express my thanks to Prof. H. W. Lerbs, to 
Dr. Bill Morgan and Dr. G. G. Cox of David Taylor Model 
Basin, to Prof. J. D. van Manen of Delft University, to Prof. 
J. E. Kerwin of Massachusetts Institute of Technology, and 
to other colleagues and friends for enlightening discussions 
which have helped me clarify several points, and for their 
generous assistance in furnishing me with valuable informa- 
tion. I am also indebted to my friend Dr. D. P. Wang for his 
kind efforts. Without the help of these excellent specialists 
my attempt would seem to be tpo amateurish to do a justice 
to all these monumental works in this important field. 
I wish also to thank Prof. W.-H. Isay of Universitat Ham- 
burg for showing me his recent book entitled "Propeller- 
theorie", published by Springer-Verlag, 1964, which I did 
not have the pleasure of knowing during my preparation of 
this manuscript. 
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La Facilitk de Manoeuvre des Navires 
J. D i e u d o n n e  
La manoeuvre d'un navire consiste B l'amener h un em- T h i e m e  [14] a donne une Bnum6ration trks complkte des 
lacement determine avec un cap et une vitesse donnes. Dans diversesphases de lamanoeuvre et des facteurs numeriques qui 
cas du sous-marin on devrait ajouter avec une immersion peuvent dtre utilises pour les caracteriser, donnant ainsi un  
une assiette donnkes. guide dans lequel on pourra choisir les critkres essentiels H 
Je ne m'occuperai pas, ici, de la manoeuvre des sous-marins 
ialgr6 l'interb considerable que presentent les etudes rela- 
ves B cette question. Elle a, en effet, des analogies assez 
roites avec l'htude de la manoeuvrabilite en surface, elle est 
lus simple en ce que le navire est place dans un milieu con- 
nu sans surface libre, plus compliquee en ce qu'il faut con- 
d6rer ce qui se passe dans le plan vertical et non pas seule- 
lent ce qui se passe dans le plan horizontal. 
La facilite de manoeuvre caraeterise la cornmodit6 d'obtenir 
.s resultats souhaites. I1 s'agit donc d'une estimation de la 
~ leur  du navire qui est, au depart, essentiellement subjec- 
se. On couvre, en outre, sous cette m8me rubrique des carac- 
3ristiques trks vari6es et cela rend difficile une appreciation 
lobale. Un navire peut Etre facile H manoeuvrer pour obtenir 
11 resultat d6termin6, difficile B manceuvrer pour obtenir un 
utre resultat. La substitution de critkres objectifs h l'appre- 
lation subjective globale est un des problkmes les plus im- 
ortants H rhsoudre dans l'itude de la facilite de manceuvre. 
e n'est qu'avec de tels critkres judicieusement choisis qu'on 
ourra comparer des navires entre eux, Btudier l'effet du choix 
es diffirentes caract6ristiques de la carBne sur la facilit6 de 
Lanmuvre et documenter l'architecte naval sur ce qu'il doit 
lire pour rhaliier un navire donnant pleine satisfaction B 
:s utilisateurs B ce point de me. 
retenir. 
D'un autre c8t6, Ge  r t 1 e r  et Gov e r [I] ont BnurnBrB, de  
la faqon suivante, les operations que la  manoeuvre du navire 
de surface doit permettre de rbaliser. 
lo - Maintenir le cap avec une precision suffisante et une 
action r6duite sur le gouvernail. 
2O - Permettre d'amorcer rapidement un changement de 
cap. 
3' - Permettre d'executer un changement de cap rapide- 
ment avec un faible depassement de cap et un transfert lateral 
rhduit. 
4'-Permettre l'execution d'une manoeuvre de giration 
permanente efficace avec des valeurs r6duites du diamktre 
tactique, de l'avance et du transfert. 
5' - Permettre d'acch16rer ou de ralentir rapidement tout 
en gardant un bon contr8le du navire. 
6' - Permettre de manmuvrer dans les ports et i leur 
voisinage, en marche avant et eh marche arrikre, H vitesse 
lente sans l'aide de remorqueurs. 
A cet ensemble de conditions repond un ensemble de 
moyens. Ceux-ci sont essentiellement: 
- le gouvernail, 
- les appareils de commande de la machine, . 
i 
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